High-dose chemotherapy with autologous PBSC support is increasingly used in the treatment of breast cancer (BC) both in the adjuvant setting and in metastatic disease. 1, 2 One potential drawback of autologous transplantation is the possible contamination of the graft by residual tumour cells which may contribute to post-transplant relapse. The veracity of hypothesis has been clearly demonstrated, using gene marking studies, in patients with B cell lymphoma, AML, 4 neuroblastoma 5 and it has been suggested in BC by retrospective analysis. 6, 7, 8 Consequently, methods for detecting minimal residual disease in the autografts along with techniques aimed at removing residual tumour cells are increasingly used in the field of transplantation. Immunocytochemical (ICC) staining is perhaps the most widely applied method for detecting occult epithelial BC cells. 9 ICC-based micrometastasis detection in the BM of patients with primary BC has been shown to correlate with early disease relapse and decreased survival. 10, 11 A major limitation of ICC method is the limited number of cells analysed (usually Ͻ10 × 10 6 ). Reverse transcriptase PCR (RT-PCR) assays for cytokeratin 19 (CK19) have been recently reported to be specific for the detection of BC cells in BM and peripheral blood. 12, 13 The results obtained by this technique have been suggested to be of clinical relevance. 14 However, it has been demonstrated that PCR-based techniques are prone to false positive results and thus of limited value for detection of haematogenous epithelial cancer dissemination. 15, 16 Controversial results have been also reported in non-epithelial solid tumours. 17, 18 We have developed a highly specific, less time consuming and technically simpler RT-PCR assay capable of detecting epithelial cells that would otherwise go undetected by presently available ICC methods.
Materials and methods

Samples
The specificity of the RT-PCR assays was evaluated by means of 30 control samples: 10 PBSC harvests from haematological patients, 10 plateletphereses (PLTphe) from healthy donors and 10 cord blood (CB) samples. The human breast carcinoma cell line MCF7 (American Type Culture Collection No. HTB22, Rockville, MD, USA) was used as positive control to evaluate sensitivity. In order to mimic the clinical setting for detection of rare epithelial cells in a bulk of haematological ones, samples of 30 × 10 6 PBSC collected from a lymphoma patient were mixed with serial dilutions of MCF7 cells (from 10 Ϫ1 to 10 Ϫ7 ), and subsequently analysed by RT-PCR and ICC. To further evaluate the capacity of this technique to detect residual tumour cells along with the purging capacity of Fenwal MaxSep magnetic cell separation system (Baxter, Deerfield, IL, USA), 1 × 10 9 PBSC from the same graft were mixed with 1 × 10 6 of MCF7 cells (0.1%) and used for a purging experiment as described by Tyer et al. 19 ICC and RT-PCR analyses were performed before and after this procedure.
Forty-five PBSC harvests from BC patients at different stages of disease (25 stage II/III and 20 stage IV) undergoing high-dose chemotherapy with stem cell support, were also studied. In patients with advanced disease PBSC collection was performed only if a response to first line chemotherapy was documented.
RNA isolation
PBMC were separated on a Ficoll-Hypaque gradient (1.077 g/ml; Cedar Lane, Hornby, Ontario, Canada) and washed with ice cold PBS. Cells were counted and total cellular RNA was extracted from 40 × 10 6 cells by using the acid guanidium-phenol-chloroform technique 20 slightly modified as follows: cells were resuspended into 500 l of denaturing solution (4 m guanidine isothiocyanate, 0.5% Sarcosyl, 25 mm sodium citrate pH 7) with 0.1 ml/l of ␤-mercaptoethanol, 50 l of sodium acetate 2 m pH 4, 500 l of phenol (water saturated) and 100 l of chloroformisoamyl alcohol mixture (49:1) (Sigma Chemical, St Louis, MO, USA). After centrifugation RNA was collected from the aqueous phase and subjected to a second round of phenol-chloroform-isoamyl alcohol extraction to reduce DNA contamination. Subsequent extraction steps were as previously described. 20 The RNA was then resuspended in 100 l of diethylpyrocarbonate-treated water, checked electrophoretically and stored at Ϫ80°C.
RT-PCR one tube method
In the one tube RT-PCR assay RNA is added to a single tube using avian myeloblastosis virus (AMV) reverse transcriptase for the first strand cDNA synthesis and the Termus flavus DNA polymerase (Tfl) for the second cDNA synthesis and DNA amplification. Briefly, RNA was mixed with 10 l AMV/Tfl 5 × reaction buffer, 200 m dNTPs, 50 pmol downstream and upstream primers (CK19 ia-is), 1 mm MgSO 4 , 5 U AMV RT, 5 U Tfl, nuclease-free water to a final volume of 50 l and overlaid with 50 l of mineral oil (Access RT-PCR System; Promega, Madison, WI, USA). Efficient first strand cDNA synthesis is accomplished by a 45 min incubation at 48°C and subsequently the AMV RT is inactivated and the RNA/cDNA hybrid denatured by means of an incubation at 94°C for 2 min. This step leads directly to the second-strand cDNA synthesis and to the PCR amplification phase which consists of a denaturation step (94°C for 30 s), a template/primer annealing step (58°C for 1 min) and an extension step (68°C for 2 min) for 42 cycles. A final 7 min extension at 68°C improves the quality of the final product by extending truncated product to full length. Fifteen microlitres of PCR product were separated on a 2% agarose gel and stained with ethidium bromide. The PCR profile was as follows: 95°C for 1 min, 58°C for 1 min and 72°C for 2 min. After 35 cycles, 1 l of first round PCR product diluted 1:100 served as the template for a second PCR using inner primers (CK19 ia-is). The thermocycle was similar to first PCR but the extension time was reduced to 55 s and the number of cycles was 30. Fifteen microlitres of PCR product were separated on a 2% agarose gel and stained with ethidium bromide.
RT-PCR nested method
Oligonucleotide primers
The oligonucleotide primer sequences used for CK19 were previously described by Kruger et al 12 and are listed below. Lengths of resultant amplification products in base pairs are given in parentheses: CK19 os -TTT GAG ACG GAA CAG GCT CT, CK19 oa -CAG CTC AAT CTC AAG ACC CTG (426 bp), CK19 is -GCA GAT CGA AGG CCT GAA, CK19 ia -TGA ACC AGG CTT CAG CATC (209 bp). To confirm the presence of intact RNA in each sample, ␤-actin gene was also amplified with primers ␤Ac s -GGA CTT CGA GCA AGA TAT GG, ␤Ac a -GCA GTG ATC TCC TTC TGC ATC (298 bp).
Restriction enzyme analysis
To verify the identity of PCR products obtained with the CK19 primers, we exploited the presence of a HaeIII site within the amplified product derived from the mRNA. This enzyme digests at different sites in the gene and pseudogene sequences. The restriction enzyme analysis was performed on all positive products purified by using a DNA clean up system (Quiagen, Hilden, Germany) or on a band of amplified product purified by using QIAEX II Gel extraction Kit (Quiagen) and digested with 10 U HaeIII in 5 l buffer 10 × (Promega) and 0.1 mg/ml BSA in a final volume of 50 l, with incubation at 37°C for 1 h. An aliquot was electrophoresed on 3% agarose gel alongside undigested DNA and bands were visualised with ethidium bromide. The finding of 86, 46 and 36 base pair bands confirmed the presence of a CK19 mRNA template, while the presence of 122 and 46 base pair bands revealed the amplification of CK19 pseudogene.
ICC
Cytospin slides were prepared from PBSC products and immunostained with a commercially available alkaline phosphatase-based kit for cytokeratin-positive BC cell detection (Micromet, Baxter).This kit allows the detection of cells expressing human cytokeratins as defined by the pan-cytokeratin monoclonal antibody A45-B/B3. 21 For each patient, four slides, each made up of 5 × 10 6 mononuclear cells, were examined by microscopy for the enumeration of epithelial tumour cells.
Results
To evaluate the specificity of RT-PCR assays, we performed one tube and nested CK19 RT-PCR on 30 different control samples obtained from patients with haematological malignancies and healthy donors. Using the one tube method, 30/30 samples were negative. In contrast, the nested method revealed seven positive results (23%) (Figure 1 ). Pseudogene amplification was excluded by restriction enzyme analysis (Figure 2 ). Experiments perfor- med looking at the purging capacity of Fenwal MAXSep magnetic cell separation system revealed by ICC and one tube RT-PCR techniques, showed CK19-positive signals before purging and in the enriched tumour cell fraction. These methods revealed no epithelium-specific signals in the PBSC before contamination and the purged fraction ( Figure 3 ). Conversely the nested approach on non-contaminated PBSC gave a positive result. ICC, one tube and nested RT-PCR sensitivity were evaluated on decreasing numbers of MCF7 cells diluted in PBSC harvest from a lymphoma patient. The detection limit was one epithelial tumour cell in 10 6 PBSC for all three methods (Figure 4) .
When evaluating tumour contamination of PBSC harvests of BC patients only by RT-PCR analyses, we found 23 and 28 positive samples out of 45 by one tube and nested, respectively. Due to the presence of processed pseudogene with high sequence similarity of the functional CK19 cDNA sequence, 22 we decided to digest all positive samples to confirm gene amplification. This analysis was remarkable since 7/23 (30%) and 9/28 (32%) PBSC samples found positive by the one tube method and by the nested assay, respectively, were shown to have pseudogene products.
Comparisons between the three different techniques are reported in Table 1 . Eleven samples found positive by both RT-PCR techniques were negative by ICC analysis (Table  1A) ; two samples resulted positive by one tube and ICC but negative by nested (Table 1B) ; five samples found positive by nested were negative both by one tube and ICC (Table 1C) ; three samples were found positive and 24 nega- 
tive by all three different methods (Table 1D and E) . Altogether, one tube RT-PCR showed 36% of positive samples, nested RT-PCR 42% and ICC 11%.
Discussion
The method most frequently applied for detecting BC cells contaminating haematopoietic harvests employs ICC staining of surface epithelial antigens. However, detection of one tumour cell in 10 5 /10 6 nucleated cells by ICC requires the screening of multiple cytospin preparations. Even under these conditions, the statistical power of ICC detection might be marginal. 23 In the past few years RT-PCR has been suggested as a rapid screening procedure to detect micrometastatisation of epithelial cells, showing a sensitivity higher than ICC. However, after the early enthusiasm for this technique it soon become clear that a number of methodological problems had to be solved before considering CK19 RT-PCR reliable and reproducible. In particular Datta et al 24 reported a specific nested RT-PCR with only one positive reaction among 39 controls (2.5%), otherwise showing a low sensitivity for this technique (10 Ϫ5 ). Schoenfeld et al 25 described a sensitive and specific technique for CK19 detection, but the same authors concluded that the assay used in their study would be unsuitable for routine assessment due to the need for gel separation and Southern blotting.
In our study we have introduced modifications to standard CK19 RT-PCR that allow this detection to be specific, sensitive and feasible under routine conditions. Starting with RNA extraction, successful reverse transcription is mainly dependent on the integrity and purity of the mRNA used as the template; contaminating DNA in the RNA preparations could be removed by DNase digestion but this step also reduces the subsequent recovery of RNA. Although the DNA derived product is easily distinguished from that expected from the amplification of mRNA, as the CK19 primers extend across at least one intron, the presence of contaminating DNA could compete, during PCR reaction, with mRNA for CK19 primers, lowering the sensitivity of the assay. Slight modifications in standard methods for RNA extraction could result in a minimum level of DNA contamination. As a matter of fact only mRNA amplification products were visualised on agarose gels. The greater specificity in detecting CK19 mRNA by the one tube method is probably due to the fact that this technique does not require a second cycle of amplification. Moreover, despite the use of only one set of primers, this approach has the same sensitivity as nested RT-PCR. Subtle improvements in experimental procedures might have enhanced specificity and maintained the high sensitivity of one tube assay. In particular, the use of sequence-specific primers for RNA retrotranscription may increase the specificity 26 but could decrease the sensitivity of the analysis. However, AMV/Tfl enzymes, used in the one tube method, are likely to be more sensitive than M-MLV/Taq. Nested RT-PCR requires numerous pipetting steps that can contribute to the contamination of stock reagents by amplifiable nucleic acids and can also lead to cross-contamination of samples. One tube RT-PCR reduces these problems and it is being increasingly used in different fields. 27, 28 To avoid amplification from the known processed pseudogene of CK19, specific primers were designed to incorporate differences between gene and pseudogene. Nevertheless, they share a very high degree of sequence homology and therefore one cannot exclude the possibility that the pseudogene was also amplified. The use of an endonuclease that is known to have different restriction sites in the CK19 gene and the pseudogene, confirmed that the positive samples were genuine CK19 expression from an RNA template. The high percentage (30-32%) of amplified pseudogene products, underlines the need for the enzyme restriction assay.
When comparing ICC and RT-PCR, the latter method was associated with a greater number of positive results, as previously described by others. 14, 29 It is noteworthy that all five ICC-positive samples were also found positive by one tube RT-PCR while only three were positive by the nested technique. These findings might well be due to the increased specificity of the one tube method and possibly to a slightly greater sensitivity as well. However, a larger study is required to draw definitive conclusions.
When trying to understand the clinical impact of graft contamination, one may take into account that neither ICCnor PCR-based assays can reveal the clonogenic potential of tumour cells. Since BC cells can be easily grown from BM and PBSC grafts 30, 31 we are now performing liquid cultures, along with ICC and one tube RT-PCR, to evaluate, other than the presence of tumour cells, their growth potential. Clinical evidence of the importance of culture methods in BC patients has already been reported. 32, 33 We believe that an optimal detection of micrometastatic tumour cells in the stem cell harvests should employ one tube RT-PCR assay for sensitivity, ICC technique for morphological analysis and liquid/semisolid culture for growth potential. Prospective long-term follow-up of patients is required to determine the potential prognostic value and clinical significance of the results obtained with these three different techniques.
